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We report on capacitance-voltage spectroscopy of self-assembled InAs quantum dots under con-
stant illumination. Besides the electronic and excitonic charging peaks in the spectrum reported
earlier, we find additional resonances associated with nonequilibrium state tunneling unseen in
C(V) measurements before. We derive a master-equation based model to assign the corresponding
quantum state tunneling to the observed peaks. C(V) spectroscopy in a magnetic field is used to
verify the model-assigned nonequilibrium peaks. The model is able to quantitatively address various
experimental findings in C(V) spectroscopy of quantum dots such as the frequency and illumina-
tion dependent peak height, a thermal shift of the tunneling resonances and the occurrence of the
additional nonequilibrium peaks.
I. INTRODUCTION
On the road towards quantum information processing
units, self-assembled InAs quantum dots are promising
candidates. Their level structure resembles a paradig-
matic quantum system - an artificial atom with discrete
energy levels and good coherence properties [1–4]. Re-
cently, transform limited single photon emission from
such a quantum dot was demonstrated [5]. Due to ad-
vances in the material quality [6] Stark shift control en-
ables the stabilization of the emission line [7] while in-
sights in the level structure are gained by optical methods
like photo-luminescence spectroscopy [8] and resonance
fluorescence [9].
Due to the nearly ideal situation of an artificial atom
in a solid state matrix, experiments on level degener-
acy and carrier-carrier interaction are at hand. A new
method of equilibrium states spectroscopy was estab-
lished by applying transport spectroscopy of a quasi
two-dimensional electron gas (2DEG) tunnel-coupled to
quantum dots [10]. Utilizing the advantages of this
method, even the degeneracy of the quantum states [11]
and existence of nonequilibrium states were successfully
probed [12]. However, magnetic dispersion measure-
ments that allow one to further investigate the properties
of quantum dot states were not yet feasible as the influ-
ence of the magnetic field on the 2DEG is too strong [13].
Capacitance-voltage spectroscopy is typically applied
to (n-i-Schottky)-diode structures containing quantum
dots which are tunnel coupled to a degenerately doped
back contact to gain insight into the level structure and
the Coulomb interaction of charge carriers in the quan-
tum dots [2, 14]. While some dynamics can be observed
upon increasing the AC-probe frequency [15], it is gen-
erally still a rather slow method where the Fermi level
of the back contact is in equilibrium with the quan-
tum dot “charge” levels and, thus, unable to observe
any nonequilibrium processes. Labud et al. [16] devel-
oped a sample design expanding the method to probe
the Coulomb interaction of electrons and illumination in-
duced metastable holes in the quantum dots. The holes in
the quantum dots are leftovers from illumination induced
electron hole pairs. Some of these excitons get dissoci-
ated in the electric field of the Schottky diode or they can
tunnel to the back contact without prior recombination.
This way, up to 5-fold positively charged excitonic states
could be observed by C(V) spectroscopy [16]. Here, elec-
trons tunnel from a three dimensional back contact into
the quantum dots ground state while they are attracted
due to Coulomb interaction with nonequilibrium holes
stored in the quantum dots. Although the holes are cer-
tainly in metastable states, the spectroscopy is done in
a quasi-equilibrium, as the electrons tunnel into the low-
est possible state as soon as an oscillating gate voltage
is applied, enabling resonant tunneling and further the
elimination of stored holes by recombination.
Brinks et al. [17] measured the electron tunneling pro-
cess in this quasi-equilibrium situation and developed a
corresponding model, but it has not yet been possible to
achieve nonequilibrium tunneling in C(V) spectroscopy
at low temperatures. In principle, the illumination gen-
erated holes should be able to annihilate stored electrons
and thus enable nonequilibrium state tunneling events.
Until now a strong tunnel coupling of the former devices
suppressed this mechanism. One way to generate suf-
ficient nonequilibrium states is to strongly increase the
hole generation rate by extensive illumination. A draw-
back of this method are light induced leakage currents
through the device, which make C(V)-spectroscopic in-
vestigations impossible. As an alternative way, we in-
crease the tunnel barrier length in order to reduce the
electron tunneling rate to a level comparable to or even
below the hole generation rate. We will show that the
generated holes have the ability to eliminate electrons
in the quantum dots, leaving the dot in a nonequilib-
rium state. Subsequently, this state can be filled by an
electron tunneling from the back contact. As the tun-
nel probability is highest for resonant tunneling (where
the Fermi-level of the back contact matches a level of the
quantum dot) additional peaks occur. We identify these
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2FIG. 1. (a) Band structure sketch of the sample. (b) Electron
tunneling into excited states. The quantum dot energy for
resonant tunneling is ascending from top to bottom.
peaks with electrons tunneling into nonequilibrium s-, p-,
and d- states which are usually inaccessible via the slow
DC-sweep in our C(V) spectroscopy. While the simple
model of Brinks et al. [17] describes the observed quasi-
equilibrium C(V)-measurement features, we expand this
to an extended theoretical model including electron elim-
ination by holes, offering an excellent quantitative agree-
ment with the observed features in the measurements.
The paper is organized as follows. In Sec. II we present
our experimental findings and provide an interpretation
within the framework of the simple model of Warburton
et al. [14]. The theoretical framework based on a master
equation approach is discussed in Sec. III A. It is illus-
trated with a simple example in Sec. III B and used to
model the experiment in Sec. III C. We provide conclu-
sions in Sec. IV.
II. EXPERIMENT AND INTERPRETATION
We study self-assembled InAs quantum dots in a GaAs
based n-i-p-diode by capacitance-voltage spectroscopy
under constant illumination. The quantum dots are tun-
nel coupled via a 35 nm GaAs tunnel barrier to a degen-
erately silicon doped (ND = 2 × 1018 cm−3) GaAs back
contact and capped by 11 nm GaAs followed by a block-
ing barrier, which consists of 50 periods of an AlAs/GaAs
(3 nm/1 nm) short-period superlattice (SPS). An epitax-
ial, complementary-doped and semitransparent electro-
static gate [1, 18] is grown on top of the sample. It
is composed of a 25 nm thick bulk carbon-doped GaAs
layer (NA = 3 × 1018 cm−3), followed by 40 periods of
carbon-delta-doped and 0.5 nm carbon-doped GaAs lay-
ers (NA = 1 × 1019 cm−3), see Fig. 1(a). The wafer is
processed by standard wet chemical etching to a mesa of
300 × 300µm2. Ohmic n-contacts are fabricated by in-
dium solder to the corners of a 4× 5 mm2 sample, glued
by silver paint to a chip carrier. Due to the high sur-
face doping, we achieve ohmic p-contacs simply by wire
bonding the semiconductor surface. The measurements
are performed in an insert of a liquid helium vessel at
4.2 K.
The self-assembled quantum dots are ”as grown” dots,
i.e. their ground state emission wavelength in photolumi-
nescence characterization at T = 77 K is centered around
1200 nm. As we typically observe a shift of less than 5 nm
reducing the temperature to the measurement tempera-
ture of 4.2 K, we assume this 1.04 eV to be the ground
state transition energy of the quantum dots in the exper-
iment.
Hole generation in the quantum dots is performed via
IR-LED illumination inside the cryostat. The LED has
an emission spectrally centered around 950 nm at 293 K
and around 920 nm at 77 K. We do not expect this to
shift much for even lower temperatures. The photons
generate electron-hole pairs inside the wetting layer or
even in the quantum dots themselves. While a certain
share of these pairs will directly recombine, some sep-
arate due to the internal electrical field or by electron
tunneling into empty states in the back contact. Cor-
responding holes drop into or remain trapped inside the
quantum dots. The according hole generation process in
the quantum dots is expected to be proportional to the
LED current [16]. Brinks et al. found a hole generation
rate per quantum dot of 400 Hz for an LED current of
2 mA [17].
Capacitance-voltage spectroscopy is measured by us-
ing an analogue adder, superimposing an AC voltage of
VAC, rms = 10 mV and a DC gate voltage Vg on the epi-
taxial gate and measuring the AC current through the
device at the n-contact at the same frequency ω/(2pi) =
92.3 Hz as the AC voltage with a Lock-in amplifier. The
−90◦ phase-shifted current is then converted to the dif-
ferential capacitance C(Vg).
A common method to convert the gate voltage Vg to
an energy scale E is to apply a simple geometric lever
α = ltunnel/ltot relating the tunnel length ltunnel to the
distance between the gate electrode and the back contact
ltot [19],
E = eα(Vbuilt-in − Vg), (1)
where eVbuilt-in = 1.52 eV is the band gap of our n-i-p-
diode.
Apart from the standard peaks for tunneling into s-
and p-states, under illumination exitonic features appear
in the voltage range Vg = −1 V to Vg = −0.4 V which
have already been reported by Labud et al. [16]. Fur-
thermore, a clear additional peak between the s- and the
p-states appears as seen in Fig. 2(a) at Vg = 0.2 V. To
reveal new peaks more clearly, we subtracted the nonil-
luminated reference spectrum from the illuminated ones
in Fig. 2(b). A series of new peaks labeled A to E be-
comes visible. We assign these to nonequilibrium state
electron tunneling into the quantum dots as discussed in
detail below. We assume the sharp features W1 and W2
3FIG. 2. (a) Reference C(V) curve without illumination (vio-
let) followed by C(V) curves under illumination at ca. 920 nm
using different LED currents ranging from 0.5 mA up to
20 mA. The C(V) spectra are offset by 0.25 pF for better
visibility. (b) To reveal the illumination induced additional
capacitances we subtracted the unilluminated reference curve
from the illuminated ones. For a better allocation of the illu-
mination induced peaks within the quantum dot spectrum, we
inserted the unilluminated reference curve (dashed line) sub-
tracted by an alleged background capacitance of the diode,
using the almost linear part before the s-peaks for fitting.
The gate voltage is converted to energy by applying the sim-
ple lever-arm approach [19].
are related to wetting layer state tunneling. Beside these
new peaks, we also observe that the exitonic peaks reach
a maximum at 6 mA for X0 and X1+ and 2 mA for X2+
and X3+ and decrease for higher LED currents.
In order to identify the observed peaks, we apply a
magnetic field perpendicular to the sample plane. The
result plotted in Fig. 3 resembles the findings of Labud et
al. Apart from a diamagnetic shift, there is no significant
shift of the s-states or the excitonic feature X0 visible,
but a clear linear shift occurs for the p-peaks [16]. The
well resolved additional light-induced peak C between the
s- and p-states shows a slope comparable to the p-state
FIG. 3. (a) C(V) spectrum with an illumination of ILED =
20 mA and magnetic fields of up to 5.5 T. The graphs are
offset proportional to the magnetic field for clarity. Dashed
lines are vertical; the solid lines are a guide to the eye for
the shift due to the magnetic dispersion. The dip labeled
LL corresponds to capacitive charging of Landau levels in the
wetting layer [20]. (b) Position of the different peaks and
linear fits. The dashed lines correspond to dashed vertical
lines in (a). For better visibility of the shifts, the peaks are
offset. A clear shift of addition peak C is visible.
slopes. We thus assign this peak to a nonequilibrium p-
state that we label s∗2 in the following. The peak W2
found during charging of the wetting layer shifts with a
slope comparable to that of the p-peaks indicating that
the effective masses of the involved charge carriers are
alike. As W1 and W2 are much narrower than the in-
homogeneously broadened quantum dot peaks, we con-
sider that these peaks originate from tunneling into two-
dimensional states, most probably exciton bound states
4TABLE I. Voltages and corresponding energies of the exper-
imentally observed peaks as well as energies calculated after
the simple model in [14] with ~ωe = 46 meV, ~ωh = 25 meV,
and ECss = 21 meV.
Peak Vg/V Eexp/meV Eth/meV
X1+ −0.602 277 275
X0 −0.425 254 251
A (X1+∗) −0.242 230 222
s1 −0.209 226 226
s2 −0.050 205 205
B (X0∗) 0.035 194 201
C (s∗2) 0.194 173 170
p1 0.345 154 154
p2 0.466 138 143
D (s∗∗1 ) 0.533 130 135
p3 0.616 118 125
p4 0.743 102 114
E (s∗∗∗1 ) 0.940 75 89
in the wetting layer. The dip denoted LL corresponds to
the capacitive charging of Landau levels in the wetting
layer, which is also visible without illumination [20].
To assign the additionally found peaks, we use the sim-
ple model of Warburton et al. [14], cf. Table I. The model
is based on the following key assumptions: (i) The ver-
tical confinement in the dot is much stronger than the
lateral confinement. Hence, the quantum dots are effec-
tively two-dimensional. (ii) The two-dimensional confine-
ment potential for electrons and holes is parabolic with
confinement energies ~ωe and ~ωh, respectively. The low-
est single-particle states are labelled as s, p and d, have
degeneracy 2, 4 and 6, and energies ~ωe,h, 2~ωe,h and
3~ωe,h, respectively. (iii) Quantization energies are larger
than Coulomb interactions which allows for a perturba-
tive treatment of the latter.
The Coulomb energy between two electrons in the s
state is given by
ECss =
e2
4piε0εr
√
pi
2
1
le
, (2)
where
le =
√
~
m∗eωe
, (3)
with the effective mass m∗e. A similar expression holds
for the Coulomb repulsion between two holes in the s-
state. The Coulomb energy between an electron in the s-
and the p-state is given by ECsp = 3/4E
C
ss. The Coulomb
attraction between an electron and a hole in the s-state
is Eehss =
√
2/[1 + (lh/le)2]E
C
ss while the Coulomb attrac-
tion between an electron in the p-state and a hole in the
s-state reads Eehsp = (2l
2
e + l
2
h)/(l
2
e + l
2
h)E
eh
ss /2. Finally,
the exchange interaction between an electron in the s-
and p-states is given by Eexsp = E
C
ss/4.
The total energy of a given dot state with Ne electrons
and Nh holes consists of the sum of all single-particle en-
ergies, the corresponding Coulomb terms, and the elec-
trostatic energy arising from the coupling to the gate,
Etot = Esp +EC − (Ne −Nh)eα(Vg − Vbuilt-in). The ex-
citation energies at which transitions between different
dot states occur are given by the differences between the
corresponding total energies.
As a concrete example, let us consider the energy of
the s∗2 state where one electron is in the s- state while a
second electron occupies a p- state. The sum of the single
particle energies is hence given by Esp = 3~ωe. Apart
from the Coulomb repulsion ECsp = 3/4E
C
ss between the
electrons, there is also the exchange energy Eexsp = E
C
ss/4
that the electrons gain if their spins are aligned parallel.
This implies that the s∗2 actually is split into two, a singlet
state with total energy Etot = 3~ωe + 3/4ECss−3eα(Vg−
Vbuilt-in) and a triplet state with total energy E
tot =
3~ωe + 1/2ECss − 3eα(Vg − Vbuilt-in). In the C(V) spectra
the triplet state dominates over the singlet state because
the charge on the dot is changed as soon as tunneling
of a second electron onto the dot becomes energetically
possible.
Using the simple model, we arrive at the following iden-
tification of the nonequilibrium peaks, cf. also Table I.
Peaks A (X1+∗) and B (X0∗) correspond to an electron
tunneling into the p-state when the quantum dot is occu-
pied with one electron and two or one holes, respectively,
in the s-state. Peak C (s∗2) is due to the tunneling of an
electron into the p-state when the dot is occupied with a
single electron in the s-state. Finally, peaks D (s∗∗1 ) and
E (s∗∗∗1 ) arise from electrons tunneling into the d- and
f -state, respectively, when the dot is empty.
III. THEORY
In the following, we present a theoretical model of C(V)
spectroscopy based on a master equation approach [21].
Our theory provides a significant extension of the simple
model of Brinks et al. [17]. In particular, it explains the
occurrence of electronic and excitonic peaks in the C(V)
spectrum as well as their respective height. Furthermore,
it captures the thermal shift of peak positions connected
to the degeneracy of states [17]. In addition, our model
also describes and refines the frequency-dependent sup-
pression of peaks which has been reported, e.g., in the
work of Luyken [15]. Finally, our theory also explains
the occurrence of nonequilibrium peaks.
A. Master equation
In order to model the C(V) spectra theoretically, we
assume that charging effects between different quantum
dots can be neglected. This is a reasonable approxima-
tion for a sufficiently low quantum-dot density. In con-
sequence, the contribution of different quantum dots to
the C(V) spectrum is independent and, hence, it is suf-
ficient to consider a single quantum dot tunnel coupled
5to an electronic reservoir. Furthermore, we assume that
all dots have identical properties. Therefore, the peaks
in the C(V) spectra are only thermally broadened. In
the experiment, there is an additional broadening aris-
ing from the distribution of dot parameters which can be
taken into account by convoluting the theoretical spec-
tra with a Gaussian. Within our theoretical framework,
the state of the system is characterized by the time-
dependent probabilities Pne,nh(t) to find the quantum
dot occupied with ne electrons and nh holes. We collect
these probabilities in a vector P(t). Transitions from one
dot state to another are possible via four different pro-
cesses: (i) Tunneling of an electron into and out of the
quantum dot with the rate g±Γef±(Ef − Ei) where g±
denotes the degeneracy factor of the final state, Γe is the
tunnel coupling strength while Ef and Ei are the initial
and final dot energy. The probability to find an elec-
tronic state occupied is given by the Fermi distribution
f+(E) while the probability to find it empty is given
by f−(E) = 1 − f+(E). (ii) creation of a hole on the
quantum dot with rate Γh, (iii) electron-hole recombina-
tion with rate Γrec (iv) relaxation from an excited to the
ground state with rate Γrel. In the following, we assume
that Γrec  Γe,h. This implies that we can neglect states
with both, a finite number of electrons and holes and
take into account transitions involving such states with
an effective transition rate (Γ−1rec + Γ
−1
e,h)
−1 ≈ Γe,h. In ad-
dition, we also assume that Γrel  Γe,h. In consequence,
any transition of the system will always start from the
ground state (but may end up in an excited state of the
system). Collecting the different transition rates in the
matrix W(t), we arrive at the master equation
d
dt
P(t) = W(t)P(t). (4)
We assume that the level positions inside the dots are
varied slowly in time by an oscillating gate voltage Vrf,
i.e., we have
ε→ ε− eαVrfeiωt. (5)
We now expand both the occupation probabilities as well
as the transition rates in powers of Vrf such that
P = P(0) +P(1)Vrf +O(V 2rf), (6)
W = W(0) +W(1)Vrf +O(V 2rf). (7)
Collecting terms of equal powers in Vrf, we obtain from
the master equation the set of equations
0 = W(0)P(0), (8)
iωP(1) = W(1)P(0) +W(0)P(1). (9)
The vectors are normalized such that eT ·P(i) = δi0 where
eT = (1, 1, · · · ). The time-dependent charge flowing into
the gate is given by
Q(t) = e
∑
ne,nh
(ne − nh)P (1)ne,nhαVrf, (10)
and the associated current flow is I(t) = dQ(t)/dt. We
then obtain for the effective impedance of the quantum
dot
Z−1eff =
I(t)
Vrfeiωt
, (11)
which can be decomposed as Z−1eff = R
−1
eff +iωCeff to yield
the effective resistance and capacitance.
B. Simple example
We now illustrate our general theoretical framework
with the simple example of a quantum dot that can host
at most two electrons and one hole in order to illustrate
the key features of our theoretical model. The relevant
dot states are the dot being empty, occupied with a sin-
gle electron, doubly occupied and occupied with a single
hole. In this basis, the matrix of transition rates reads
W =
 −2Γef
+(ε)− Γh Γef−(ε) + Γh 0 2Γef+(ε− Ueh)
2Γef
+(ε) −Γef−(ε)− Γef+(ε+ U)− Γh 2Γef−(ε+ U) + Γh 0
0 Γef
+(ε+ U) −2Γef−(ε+ U)− Γh 0
Γh 0 0 −2Γef+(ε− Ueh)
 , (12)
where for simplicity we have suppressed the explicit time
dependence of the level position ε, cf. Eq. (5). In
Eq. (12), U denotes the Coulomb energy that needs to
be paid in order to occupy the dot with two electrons
at the same time, and Ueh is the attractive electron-hole
interaction. While the effective capacitance of our sim-
ple example can be evaluated analytically, the resulting
expressions are lengthy and therefore not given here.
In Fig. 4 (a), we show the C(V) spectrum of the quan-
tum dot for different values of the hole creation rate Γh.
For vanishing Γh, there are two electronic peaks in the
C(V) spectrum (blue line in Fig. 4 (a)) which occur when
the rate for tunneling in and tunneling out of electrons
become equal to each other, i.e. at ε = kBT log 2 for s1
and ε = −U − kBT log 2 for s2. At these positions, the
charge on the dot changes gradually from empty to singly
6−2 −1 0 1
ε/U
0
0.05
0.1
0.15
C
eff
/
2e
2
α
2
k
B
T
(a) Γh = 0
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FIG. 4. Theoretical C(V) spectrum of a quantum dot with up to two electrons and one hole for (a) different values of the hole
creation rate at ω = 0.1Γe, T = 0.1U , (b) different driving frequencies at Γh = 0.1Γe, T = 0.1U , and (c) different temperatures
at ω = 0.001Γe, Γh = 0.1Γe. Other parameters are Ueh = 0.7U .
occupied and from singly occupied to doubly occupied.
At finite Γh, an additional peak develops when the
hole-creation rate equals the tunneling-in rate of elec-
trons, i.e., for Γh = 2Γef
+(ε − Ueh), indicating the for-
mation of the neutral exciton X0 on the dot. Interest-
ingly, the excitonic peak height first increases with Γh,
reaches a maximum at Γh ≈ 0.2Γe and then decreases
again. This is because for very large Γh, hole creation
dominates over electron tunneling, the dot spends most
of the time in the state with ne = 0 and nh = 1 and,
hence, the change of the dot charge across the peak be-
comes suppressed. It is for the same reason that the
height of the two electronic peaks also decreases when
the hole creation rate is increased.
In Fig. 4(b), the suppression of peak height with fre-
quency can be seen. We note that the height of the ex-
citonic peak is more strongly suppressed than the height
of the electronic peaks. At the same time, the position
of the excitonic peak also shifts to smaller level positions
upon increasing frequency while the position of the elec-
tronic peaks remains unaffected. So far, the frequency
dependence of the excitonic peaks was investigated ex-
perimentally at low temperatures and small Γh/Γe only
where no such shift could be observed [16]. Quantita-
tively, we find that including the degeneracy of states
modifies the frequency dependence of the peak height
compared to the equivalent circuit model of Luyken et
al. [15]. Considering tunneling between a single initial
and final electronic state with degeneracies g+ and g−,
respectively, we obtain a Lorentzian function
C(ω)
C(ω = 0)
=
4g2+g
2
−Γ
2
e
4g2+g
2−Γ2e + (g+ + g−)2ω2
. (13)
We remark that our approach reproduces the results of
the equivalent circuit model in the special case g+ =
g− = 1. When considering tunneling into a twofold de-
generate s-state, i.e. g+ = 2 and g− = 1, we obtain a rel-
ative peak height of 16/25 for a measurement frequency
equal to the tunneling rate Γe causing a correction to the
value 1/2 obtained when neglecting degeneracies [22].
Finally, in Fig. 4 (c) we demonstrate the shift of peak
positions with temperature. Apart from the linear shift
of the electronic peaks mentioned above, there is a strong
shift of the excitonic peak which is a direct consequence
of the peak condition Γh = 2Γef
+(ε−Ueh). Both effects
have been observed in experiment recently [17].
C. Modelling the experiment
In order to reproduce the experimental findings within
our master equation approach, we describe the quantum
dot in the framework of the simple model of Warburton
et al. [14]. We take into account states with up to six elec-
trons on the dot as well as states with up to two holes.
This allows us to capture peaks in the C(V) spectra as-
sociated with tunneling into s- and p-states as well as
with the formation of the neutral and positively charged
exciton, X0 and X1+. As explained above, due to the
fast electron-hole recombination rate, states with both,
electrons and holes on the dot at the same time can be ne-
glected when introducing associated effective transition
rates. Due to the potential shape of the tunnel barrier in
our experiments, tunnel couplings depend on energy. In
order to model this effect, we assume different tunnel cou-
pling strengths Γs,p for tunneling into s- and p-states. A
more realistic treatment which models the energy depen-
dency of tunneling rates via the WKB approximation [17]
would be required to obtain a quantitative agreement be-
tween the experimental and theoretical peak height which
is beyond the scope of the present work. Furthermore,
degeneracy factors for tunneling in and out of different
states are taken into account properly.
The resulting C(V) spectrum is shown in Fig. 5 as a
function of gate voltage and hole creation rate. At van-
ishing hole creation rate, we reproduce the usual peaks
for tunneling into the s- and p-states of the quantum
dot. Upon increasing the hole creation rate, two excitonic
peaks, X0 and X1+ appear. When the hole creation rate
becomes even larger Γh ≥ 0.1Γe, additional peaks due to
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FIG. 5. (a) Modelled C(V) spectrum as function of the
gate voltage for different values of Γh. Curves are offset and
shifted for clarity. Dashed lines mark the peak positions.
(b) Comparison of experimentally measured peak height as
function of the LED current (left and lower axis, data points
with dashed lines as guide to the eye) with the modelled peak
height as function of the hole creation rate Γh (right and
upper axis, solid lines). Used model parameters: frequency
ω = 0.1Γs, ~ωe = 46 meV, ~ωh = 25 meV, ECss = 21 meV,
kBT = 0.5 meV, Γp = 10Γs.
the tunneling into excited states s∗ appear. They occur
when a hole annihilates with an electron from the fully
occupied s shell and, subsequently, an electron tunnels
into the p shell. State s∗1 corresponds to tunneling of an
electron in the p-shell of an empty quantum dot, while s∗2
corresponds to tunneling of an electron in the p-shell of
a quantum dot already occupied by one electron in the
s-shell. This can happen in an exited singlet or triplet
configuration, cf. Fig. 1(b). The latter gains exchange
energy from the parallel spin configuration and is thus
energetically favoured. Due to the strong tunnel cou-
pling of the p-shell, the energetically less favoured singlet
configuration is not observed for the modelled Γh. As the
hole creation rate is increased, these nonequilibriums be-
come more and more pronounced. Finally, at even larger
hole creation rates Γh > 0.5Γe, two additional peaks X
0∗
and X1+∗ occur which are associated with tunneling into
excited excitonic states. Here, an electron tunnels into
the p-states (instead of the s-state as compared to the
excitonic ground state peaks) when the quantum dot is
occupied with one or two holes. Once the hole creation
rate becomes comparable to the rate of tunneling into
the s-states, the height of the excitonic peaks slowly de-
creases.
Comparing the results of our theoretical model with
our experimental findings, we conclude that our model
is able to reproduce the appearance of standard peaks
in the C(V) spectra associated with tunneling into s-
and p-states. Furthermore, our model captures the ap-
pearance of excitonic peaks under illumination as well
as their slow decrease at large hole creation rates, cf.
Fig. 5(b). While this general trend is well reproduced,
a quantitative agreement would require the inclusion of
charging-related corrections to the tunnel rates in our
theoretical modelling. The model predicts a shift of the
peaks at large hole creation rate and frequency at ele-
vated temperatures. In agreement with the experiment,
this is not observed, if the temperature in the model is
low. Finally, our model also explains the appearance
of nonequilibrium peaks associated with tunneling into
excited electronic states if the theoretical peaks s∗1 and
s∗2 are identified with the broad experimental peak C as
well as with tunneling into excited excitonic states if the
theoretical peaks X1+∗ and X0∗ are identified with the
experimental peaks A and B, respectively.
IV. CONCLUSION
Nonequilibrium holes created by illumination en-
able electronic observation of excitonic states [16]. A
quasi-equilibrium between hole generation and electron
tunneling-in rate is created. For weaker tunnel coupling
(longer tunnel barriers), smaller electron tunneling-in
rates enable the observation of resonant electron tunnel-
in processes into excited states, experimentally confirmed
by their magnetic dispersion. A quantitative model ad-
dresses the experimentally observed features. Moreover
predictions for C(V) measurements at elevated tempera-
tures are made.
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